The role of mineralocorticoid receptors (MRs) in human T-cell migration is not yet understood. We have recently shown that the MR antagonist spironolactone selectively increases the numbers of circulating naïve and central memory T cells during early sleep, which is the time period in the 24 h cycle hallmarked by predominant MR activation. To investigate whether this effect is specific to spironolactone's blockade of MRs and to study the underlying molecular mechanisms, healthy humans were given the selective MR-agonist fludrocortisone or placebo and numbers of eight T-cell subsets and their CD62L and CXCR4 expression were analyzed. Fludrocortisone selectively reduced counts of naïve CD4 + , central memory CD4 + , and naïve CD8 + T cells and increased CXCR4 expression on the naïve subsets. In complementing in vitro studies, fludrocortisone enhanced CXCR4 and CD62L expression, which was counteracted by spironolactone. Incubation of naïve T cells with spironolactone alone reduced CD62L and CCR7 expression. Our results indicate a regulatory influence of MR signaling on human T-cell migration and suggest a role for endogenous aldosterone in the redistribution of T-cell subsets to lymph nodes, involving CD62L, CCR7, and CXCR4. Facilitation of T-cell homing following sleepdependent aldosterone release might thus essentially contribute to sleep's well-known role in supporting adaptive immunity.
Introduction
The central nervous system impacts T-cell migration, with many of the effects being mediated via hypothalamic-pituitaryadrenocortical (HPA) activity [1] . Previous studies have focused on the role of glucocorticoids and glucocorticoid receptor (GR) Correspondence: Dr. Tanja Lange e-mail: lange@uni-luebeck.de activation for T-cell migration in the context of stress and circadian rhythm [2] [3] [4] [5] [6] . In contrast, knowledge about the role of mineralocorticoids (such as aldosterone) and mineralocorticoid receptor (MR) signaling in the physiological regulation of T-cell trafficking is surprisingly sparse. Early nocturnal sleep is a period hallmarked by predominant MR activation due to nadir levels of cortisol (which preferentially activates MRs rather than GRs at low levels), and the concurrent increase in the sleep-dependent release of aldosterone [7] [8] [9] [10] . This hormonal constellation during early sleep has been linked to an enhanced T-cell extravasation [11] characterizing this period [12] . Specifically the MR, which is expressed in T lymphocytes [13] has been proposed as a candidate for mediating effects of sleep on T-cell migration, as acute administration of the MR antagonist spironolactone to healthy humans attenuates the drop in numbers of circulating naïve and central memory T cells during early sleep [11] . Intriguingly, the effects of spironolactone closely mimic the effects of one night without sleep on T-cell numbers [12] . This led us to conclude that the reducing effect of sleep on blood T-cell counts is mediated via sleep-dependent release of endogenous aldosterone activating MRs. However, as spironolactone also has MR-independent effects on cytokine release [14] , which might likewise affect T-cell migration, conclusive evidence is needed to show that the observed changes in T-cell numbers are indeed dependent on MR signaling. Moreover, the factors mediating these changes at a molecular level are not known.
In the present study, we investigated the impact of fludrocortisone, a synthetic mineralocorticoid similar to aldosterone, on the numbers of various circulating T-cell subsets in healthy humans during normal sleep. Based on the previously reported effects of spironolactone [11] , we hypothesized that fludrocortisone would selectively decrease numbers of circulating naïve and central memory T cells, while leaving effector memory and effector T cells unaffected. As naïve and central memory T cells continuously migrate between blood, secondary lymphoid organs, and bone marrow [15] , we also examined the impact of fludrocortisone on the subsets' expression of CD62L (L-selectin) and CCR7, two essential molecules for directing naïve and central memory T cells to lymph nodes [16] , and expression of the chemokine receptor CXCR4, which is a major regulator of bone marrow migration [17] . To control for changes in T-cell subset composition of the analyzed blood samples following fludrocortisone administration in vivo, effects of the MR agonist (and its specific blockade by spironolactone) on the expression of these molecules were examined in additional in vitro experiments.
Results

Fludrocortisone intake reduces naïve T-cell counts in blood and increases their CXCR4 expression
Fludrocortisone administration induced a decline in circulating numbers of naïve CD4
+ and CD8 + as well as central memory CD4
+ T cells compared with placebo (p ࣘ 0.006 for respective main effects of treatment). Post hoc pairwise comparisons revealed that the effect of fludrocortisone was first evident 3 and 4.5 h following administration of the drug, for the naïve subsets and for central memory CD4 + T cells, respectively, and persisted until the last point of measurement for the naïve subsets (i.e., 8.25 h post-drug administration) (p ࣘ 0.029; Fig. 1 ). The remaining subsets were not affected by fludrocortisone (Fig. 1) . + (right) T-cell counts were determined in whole blood by flow cytometry before (−1.5 and 0 h) and between 1.5 and 8.25 h after oral administration of fludrocortisone (0.2 mg) or placebo. Values for the fludrocortisone condition are indicated as difference from the placebo condition to eliminate the well-known strong circadian variation in T-cell numbers. Data are expressed as mean ± SEM of 13 healthy male subjects. All values are adjusted to baseline measures (i.e., the first two samples before drug administration) based on covariance analyses. *p < 0.05, **p < 0.01, for pairwise comparisons between the effects of fludrocortisone and placebo at single time points (paired t-tests In comparison to placebo, fludrocortisone markedly increased the expression of CXCR4 on naïve CD4
+ and CD8 + T cells (p ࣘ 0.004 for respective main effects of treatment), while the other subpopulations remained unaffected. The increase in CXCR4 expression was evident between 3 and 4.5 h following drug administration and again during the last two blood draws (p ࣘ 0.036; Fig. 2 ). Fludrocortisone did not affect expression of CD62L in vivo (Supporting Information Fig. 1 ).
Hormones, blood pressure, and side effects following fludrocortisone administration
Compared with placebo, cortisol levels were reduced between 3.75 and 6.75 h following fludrocortisone administration (p = 0.021 for main effect of treatment; Fig. 3 and Supporting Information Fig. 2 ) presumably reflecting a decreased adrenal sensitivity to adrenocorticotropic hormone (ACTH) upon MR activation [18] . ACTH concentration itself and aldosterone levels were not significantly different between conditions (Supporting Information Fig. 2 ). In contrast to the findings by Charloux et al. [7, 8] , in our study aldosterone levels appeared to be higher after awakening than during sleep. However, this can be explained by our low blood sampling rate that did not allow the identification of single pulses in sleep-dependent aldosterone release, and by the orthostatic response occurring in the morning as our subjects got up and left the bed after awakening. Fludrocortisone produced Values shown as mean ± SEM of 13 healthy male subjects are adjusted to baseline measures (i.e., the first two samples before drug administration) based on covariance analyses. *p < 0.05, **p < 0.01, for pairwise comparisons between the effects of fludrocortisone and placebo at single time points (paired t-tests). See text for ANOVA results.
no side effects and subjects were not able to correctly indicate whether they had received placebo or fludrocortisone. In line with previous studies, blood pressure was also unchanged after fludrocortisone administration [19] [20] [21] .
In vitro experiments reveal MR-mediated regulation of CD62L, CCR7, and CXCR4 expression 
Discussion
The role of MRs in the physiological regulation of T-cell migration has not yet been clearly defined. Previous animal studies showed that prolonged administration of aldosterone decreases CD4 + T-cell numbers [22] and T-cell percentages [23] in blood, whereas a single dose only counteracts stress-induced increases in lymphocyte numbers [3] . Our study on the effects of fludrocortisone on numbers of various T-cell subsets and expression of various molecules involved in T-cell migration indicates a clear role for human MRs in the acute regulation of T-cell trafficking. We showed that a single administration of fludrocortisone to healthy men selectively reduces numbers of circulating naïve CD4 + , central memory CD4 + , and naïve CD8 + T cells. The results are in line with our recent study showing that the MR antagonist spironolactone increases blood cell counts of the same T-cell subsets during early sleep, while other T-cell subpopulations remain unaffected [11] . The present findings provide conclusive evidence that the effects of spironolactone are specific to its MR blockade and not secondary to changes in cytokine release that have been found following spironolactone administration and are MRindependent [14] . Moreover, although fludrocortisone displays some glucocorticoid potency, such activity is negligible at the low dose of the drug used in our experiments [24] . Together, the highly complementary findings observed following fludrocortisone and spironolactone administration strongly suggest that the MR is the specific receptor involved in the effects of both drugs. Our study also showed that peripheral MRs are not saturated during sleep and thus can be further activated by an exogenous ligand such as fludrocortisone, as has been similarly demonstrated for central nervous system MRs [18, 25] . This finding is important given that human leukocytes normally do not express the enzyme 11 β-hydroxysteroid dehydrogenase type 2, which protects MRs in the kidney from being constantly occupied by cortisol [26] . Therefore, T cells seem to have other MR-protecting mechanisms, as has already been discussed for brain MRs [27] . As a consequence of MR activation at the HPA axis level, cortisol concentration was also reduced in the present study, which could have influenced the observed effects on T cells. However, because cortisol diminishes T-cell numbers via GR activation [4, 6] , decreased cortisol levels are expected to counteract the effects of fludrocortisone to some extent.
In vitro, we identified increases in CD62L, CCR7, and CXCR4 expression as possible molecular mechanisms mediating the effect of MR signaling on T-cell redistribution. The failure of fludrocortisone to further upregulate CCR7 expression on naïve T cells was probably due to a ceiling effect, as expression of CCR7 on these subsets is already rather high. A role for MR signaling in CCR7 expression is still supported by the finding that spironolactone alone reduced CCR7 expression, presumably by blocking activity of endogenous MR ligands. On the other hand, fludrocortisoneinduced increases in CD62L expression became evident in vitro but not in vivo. This discrepancy might be due to changes in the blood composition of T-cell subsets that occur in vivo following selective disappearance of cells with high CD62L expression from the circulation, which might have obscured the impact of fludrocortisone on this molecule.
Increases in the expression of CD62L and CCR7 suggest a redistribution of T cells to lymph nodes, as these are the main lymph node-homing receptors on T cells [16] . This is in line with our findings that only T-cell subsets with lymph node-homing capacity (i.e., naïve and central memory T cells) were affected by fludrocortisone administration in this study, and by spironolactone in our former study [11] . The reduction in T-cell numbers in blood does not provide definite proof for an extravasation of the cells, as they might have only attached to the endothelium, thus remaining undetected in the circulating blood. Nevertheless, an enhanced adhesion to the endothelium following increases in CD62L and CCR7 expression is the first step in the migratory cascade and would also favor a subsequent extravasation and homing to lymph nodes. The fact that glucocorticoids inhibit lymphocyte migration to lymph nodes [1, 28] might explain why effects of an MR blockade were only seen during early sleep, when cortisol levels are low and there is only minor activation of GRs [11] . Also in the present study, during high GR activation in the morning the effect of fludrocortisone on cell counts faded away, despite its high biological half-life of up to 36 h.
Taken together, predominant MR activation during periods of high aldosterone and low cortisol levels seems to provide the optimal endocrine milieu for facilitated homing of naïve T cells to the lymph nodes, i.e., the site where adaptive immune responses are initiated. This hormonal constellation indeed hallmarks early nocturnal sleep, which is known to support the formation of adaptive immune responses [29] . Nocturnal sleep has been consistently found to benefit the formation of an antigen-specific immune response, using experimental vaccination in humans [30] [31] [32] [33] [34] . An enhanced recruitment of naïve T cells to lymph nodes during sleep is a likely mechanism for this beneficial effect of sleep on adaptive immunity [29, 31, 35] , a view that is further supported by data from animal studies [36, 37] . Aldosterone, which is released in a tightly sleep-dependent fashion and seems to be more relevant as endogenous agonist for lymphocytic MRs than cortisol [7, 8, 38, 39] , conceivably mediates this effect of sleep, as blocking MRs during sleep affects T-cell numbers in the same way as depriving subjects from nocturnal sleep [11, 12, 40] . Our present results showing MR-mediated regulation of CD62L and CCR7 expression and reduced numbers of circulating naïve T cells following fludrocortisone administration corroborate and extend this concept (see also Fig. 6 ).
On naïve T-cell subsets, fludrocortisone also increased the expression of CXCR4 in vivo and in vitro. CXCR4 expression shows a circadian rhythm, with highest levels in the morning which are dependent on the morning cortisol rise [4, 6] . The impact of fludrocortisone was unexpected, as we and others have shown that the increasing effect of cortisol on CXCR4 expression is mediated via activation of GRs and most likely induces a redistribution of CXCR4
+ T cells to the bone marrow in the morning hours [4, 6, 41, 42] . However, CXCR4 signaling is also involved in the migration of naïve and central memory T cells to lymph nodes [43, 44] . In combination with the enhanced expression of the lymph node-homing receptors CD62L and CCR7, it is therefore plausible to assume that CXCR4 upregulation following MR activation at a time of low cortisol levels preferentially redistributes these cells to the lymph nodes rather than to the bone marrow. This conclusion well fits with findings in rodents that, in the bone marrow, levels of CXCL12, the ligand of CXCR4 are lowest during the rest period [45] . Thus attraction of T cells to this compartment is expected to be reduced during sleep. In contrast, during the active phase, when CXCL12 levels in the bone marrow are at maximum and high cortisol levels in blood interfere with lymph node homing, CXCR4 signaling will favor recruitment of T cells to the bone marrow [1, 4, 28, 46] . Therefore, the consequences of enhanced CXCR4 expression might crucially depend on the time of day (see also Fig. 6 ). However, future animal and in vitro studies are warranted to clarify whether the changes we observed in the expression of different migration molecules following MR signaling indeed are functional in that they cause the extravasation and recruitment of T cells to lymph nodes or other body compartments during sleep. In contrast to CD62L, spironolactone alone failed to consistently affect levels of CXCR4 on naïve subsets, which agrees with previous results showing no effects of spironolactone on CXCR4 expression in vivo [11] . Nevertheless spironolactone effectively blocked the increase in CXCR4 expression on naïve sub- Figure 6 . Concept: Nocturnal sleep facilitates T-cell homing to lymph nodes via aldosterone release, whereas cortisol facilitates migration to bone marrow during daytime wakefulness. Sleep induces an increase in aldosterone levels, which activates mineralocorticoid receptors (MRs) on naïve T cells (left). This leads to an increase in the expression of CCR7 and CD62L, the most important lymph node-homing receptors on T cells, as well as of CXCR4. As a consequence, migration to lymph nodes is facilitated. This concept could explain the beneficial effect of sleep on mounting an adaptive immune response. During daytime, the circadian peak in cortisol release leads to an activation of glucocorticoid receptors (GRs) on T cells, which diminishes lymph node homing (right). The further increase in CXCR4 expression leads to a preferential recruitment of these cells to the bone marrow, which produces high levels of the CXCR4 ligand CXCL12 during daytime wakefulness.
sets after 2 h of in vitro culture with fludrocortisone, which points to an essential involvement of MRs specifically for this subset. For the other T-cell subsets, also during the shorter incubation time, spironolactone failed to completely block the CXCR4-enhancing effects of fludrocortisone, which suggests additional MR-independent actions. Paradoxically, on these subsets, spironolactone alone increased CXCR4 expression, as did the MR agonist fludrocortisone. Such increasing effects of fludrocortisone and spironolactone on CXCR4 expression of nonnaïve subsets were not observed in vivo in the present and a former study [11] , respectively, raising the suspicion that they reflect nonphysiological conditions of in vitro culture. Likewise, such MR-agonistic actions of spironolactone were revealed in other in vitro systems employing human cell lines [47] and isolated rat hearts [48] .
MR effects are of major clinical relevance as hyperaldosteronism is causally linked to cardiovascular diseases. One underlying pathomechanism is an inflammatory response following prolonged MR activation. Interestingly, T cells were identified as key regulators in this process, which eventually leads to hypertension, cardiac fibrosis, heart failure, and endothelial dysfunction [49, 50] . In this context, a recent study in rodents showed that CXCR4-antagonism blocks the accumulation of T cells in heart and kidney that was induced by chronic mineralocorticoid excess [51] . Although those authors suggested an MR-mediated increase in local CXCL12 levels as possible cause of the observed effects, results of the present experiments provide an additional explanation by showing a direct influence of MR activation on T-cell CXCR4 expression. Finally, also our findings on CD62L seem to be relevant in the clinical setting, as patients referred to coronary angiography show positive associations between plasma aldosterone and soluble CD62L levels [52] . Besides these detrimental actions of hyperaldosteronism on inflammation and cardiovascular function the physiological role of MR signaling in T-cell migration could be used clinically to support beneficial immune responses. If fludrocortisone indeed facilitates recruitment of naïve T cells to lymph nodes, this substance might serve as an adjuvant during vaccination. Such application is also suggested by findings that aldosterone enhances the priming of naïve T cells via effects on dendritic cells [53] .
In summary, our study provides the first evidence that MR signaling is essentially involved in the physiological regulation of T-cell migration in humans. To the best of our knowledge, this is the first study implying MRs in the regulation of CD62L and CCR7 expression and showing a direct impact of mineralocorticoids on CXCR4 expression. Our results further support the hypothesis that the beneficial effect of sleep on adaptive immunity is at least partially mediated by sleep-dependent increases in MR signaling, with a consequent facilitation of T-cell migration to lymph nodes.
Materials and methods
Subjects
Thirteen healthy men participated in the study (mean age ± SEM: 22.62 ± 0.86 years). All subjects had a regular sleep/wake pattern, did not take any medication at the time of the experiments, and were nonsmokers. Acute and chronic illness was excluded by medical history, physical examination, and routine laboratory investigation. The men were synchronized by daily activities and nocturnal rest. All subjects spent one adaptation night in the laboratory in order to become accustomed to the experimental setting.
The study was approved by the Ethics Committee of the University of Lübeck and all participants gave written informed consent.
Experimental design
The study was performed according to a double-blind, randomized cross-over design. Each participant spent two experimental nights in the sleep laboratory (placebo versus fludrocortisone). The two nights were separated by at least 2 weeks to assure clearance of the drug. The order of conditions was balanced across subjects. On experimental nights, subjects arrived at the laboratory at 19:30 h for preparing blood sampling and polysomnographic recordings. Between 21:40 and 22:30 h subjects performed on psychological tasks, results of which (as part of an extended subject sample) are reported elsewhere [25] . Sleep was allowed for a 7 h period starting around 23:00 h (lights off; ± 30 min). Subjects received either 0.2 mg of fludrocortisone (Merck Serono GmbH, Germany; peak plasma concentration after 1.7 h; biological half-life 18-36 h) or placebo orally right before lights were turned off.
Blood was sampled first 90 min and immediately before drug administration, and then every 45 min until 90 min after awakening for determination of cortisol, ACTH, and aldosterone levels. T-cell parameters were determined in blood sampled 90 min before drug administration and then every 1.5 h until 45 min as well as 90 min after awakening. Blood was sampled via an intravenous forearm catheter, which was connected to a long thin tube and enabled blood collection from an adjacent room without disturbing the subject's sleep. To prevent clotting, approximately 700 mL of saline solution were infused during the experimental period. Potential side effects of fludrocortisone were evaluated in the morning by questionnaires. Standard polysomnographic recordings were obtained to assure normal nocturnal sleep. Blood pressure was assessed before subjects went to sleep and again in the morning. the following formula: Cells/μL = (acquired cell events in the respective gate) × (number of beads per tube)/((acquired bead events) × (sample volume (μL))). To study changes in relative quantity of CD184 (CXCR4) and CD62L (L-selectin) on the cell subsets, the median fluorescence intensity (MFI) of the labeled anti-CD184-and anti-CD62L-antibodies was analyzed.
T-cell subpopulations
Hormone assays and sleep analyses
Samples for measuring hormone concentrations were kept frozen at −80°C until assay. Serum cortisol, plasma ACTH, and serum aldosterone were measured using commercial assays (cortisol, ACTH: Immulite, DPC Biermann, Bad Nauheim, Germany; aldosterone: IBL International GmbH, Hamburg, Germany). Sensitivity was as follows: cortisol 0.2 μg/dL, ACTH 9 pg/mL, aldosterone 10 pg/mL. Intraassay and interassay coefficients of variation for all assays were < 10.4%. Sleep stages were determined off-line from polysomnographic recordings following standard criteria [54] , and confirmed that sleep architecture was normal under laboratory conditions and was not significantly affected by fludrocortisones administration (see also [25] ).
In vitro experiments
Whole blood from additional 13 healthy subjects (mean age ± SEM: 23.46 ± 0.71 years) was sampled during early sleep (at 03:30 h). To test the influence of fludrocortisone and spironolactone on the expression of CXCR4, CD62L and CCR7, blood samples were incubated with PBS at 37°C in the absence or presence of 6.7 nM fludrocortisone (representing expected peak blood concentration after oral intake of 0.2 mg fludrocortisone [55] ), 5 μM spironolactone (MR antagonist) or both drugs in combination for 2 and 4 h. Samples were then labeled with anti-CD3/Horizon V500, anti-CD4/Horizon V450, anti-CD62L/FITC, anti-CD45RA/Alexa Fluor 700, anti-CD184 (CXCR4)/allophycocyanin, and anti-CD197 (CCR7)-PE (all from BD Biosciences), and anti-CD8/Qdot 605 (Invitrogen), and subsequently processed via a ''lyse no-wash'' flow cytometry procedure as described for the in vivo experiments.
Statistical analyses
Data are presented as mean ± SEM. Analyses generally relied on ANOVA including repeated measures factors for "Treatment" (fludrocortisone versus placebo) and "Time" (reflecting the different time points of the observation period). Differences between conditions in baseline measures (i.e., the first two blood samples) were used as covariates to correct for day-to-day variations in flow cytometer performance and baseline differences. Degrees of freedom were corrected using the Greenhouse-Geisser procedure. Paired t-tests were applied to analyze post hoc differences at single time points once ANOVA indicated significant effects, to assess results of in vitro experiments, and to analyze differences in sleep parameters and blood pressure. A p-value < 0.05 was considered significant.
